It is generally accepted that the lipopolysaccharide (LPS) of the outer membrane of gramnegative bacteria is an important virulence factor. The fact that mutations causing loss of the 0-antigenic polysaccharide chain of the LPS of Salmonella bacteria are accompanied by loss of virulence attests to this statement (3, 12, 28) .
In vaccines for prevention of infections such as salmonellosis, the presence of the O-antigen in an immunogenic form has been deemed important. In recent years several reports have indicated that various crude protein-containing extracts from Salmonella strains, such as ribosomal vaccines (10) or supernatant factors (21) , confer protection against mouse typhoid. However, in most instances these preparations have been poorly characterized and there has been some doubt as to what components) in such vaccines contributed to the observed protection. The careful investigation of different "ribosomal vaccines" undertaken by Eisenstein and coworkers indicated that a substantial part of the protective effect was mediated by LPS contaminating the ribosomal preparations (5) .
Therefore, in any effort to prepare an effective Salmonella vaccine, the 0-antigen should be considered an important constituent. However, the O-antigenic polysaccharide chain is covalently attached to lipid A, in which the endotoxic properties of the LPS reside (12, 29) . Attempts to immunize with the 0-antigenic polysaccharide chain devoid of the toxic lipid A moiety have so far been unsuccessful, presumably due to its low molecular weight. Previously, Paul et al. (21) showed that pneumococcal SI,, polysaccharide-protein conjugates augmented the antibody response in rabbits against the SI,, polysaccharide and suggested that the use of bacterial polysaccharide-protein conjugates could be of value for immunoprophylaxis. We have previously used a similar approach and prepared nontoxic Salmonella 0-antigenic oligosaccharide-protein conjugates (26) (27) (28) . The 0-antigen polysaccharide chains of partially delipidated Salmonella typhimurium LPS were cleaved by bacteriophage P22-associated endorhamnosidase (27; U. Eriksson, S. B. Svenson, J. Lonngren, and A. A. Lindberg, J. Gen. Virol., in press) into oligosaccharides. After purification, the 0-antigen-specific oligosaccharides were covalently coupled to protein carriers. The resulting nontoxic immunogens elicited high titers of specific anti-O-antigen antibodies in rabbits (26) (27) (28) . Preliminary experiments indicated that such Salmonella 0-antigen-protein conjugates conferred protection in mice against experimental infections with bacteria possessing homologous LPS. However, in animals immunized with such conjugates high titers of specific anti-carrier protein antibodies were also elicited (27, 28) . Such antibodies (e.g., anti-bovine serum albumin [BSA] antibodies) are irrelevant for protection.
It would, thus, be advantageous if the 0-antigenic oligosaccharides could be coupled to a component of the outer membrane of Salmonella bacteria. Such conjugates could conceivably be more potent than the 0-antigen-protein conjugate by eliciting an immune response against two independent targets of the Salmonella cell envelope. To test the validity of this hypothesis, we have coupled S. typhimurium 0-antigen-speciflic oligosaccharides to a purified outer membrane protein preparation. These proteins have been named "porins" as they are structural components of pores in the gram-negative bacterial outer membrane (19) . The present paper describes the immunological and protective properties of these porins and also of different S. typhimurium 0-antigen-specific oligosaccharide-protein and -porin conjugates.
MATERIALS AND METHODS Bacterial strains. S. typhimurium strains SH 4809 and SH 2201 (0-antigens 4, 5, 12) and Salmonella enteritidis SH 1262 (his thr thy; 0-antigens 9, 12) were from the strain collection of the Central Public Health Laboratory, Helsinki, Finland. The rough S. typhimurium TV 160, the Salmonella essen (0-antigens 4, 12) , and the Salmonella thompson (0-antigens 6, 7) strains were from the collection of the Department of Bacteriology, National Bacteriological Laboratory, Stockholm, Sweden.
Materials. BSA was obtained from Miles Laboratories, Inc., Kanakee, Ill. Edestine, Limulus polyphemus hemocyanin, and Bandeiraea simplicifolia lectin were from Sigma Chemical Co., St. Louis, Mo. Diphtheria toxin (DT) was prepared from a culture filtrate of Corynebacterium diphtheriae PW 8 and purified as previously described (25) . Upon polyacrylamide gel electrophoresis the toxin (100 Mg) appeared as a single band.
LPS were obtained by hot phenol-water extraction (15) . Octasaccharides with 04,12-antigenic specificity ( Fig. 1) were obtained from S. typhimurium SH 4809 by bacteriophage P22 endo-rhamnosidase-mediated degradation of alkaline-treated LPS as previously de- scribed (9a, 26) . Purity of saccharide preparations was checked by sugar and methylation analysis followed by gas-liquid chromatography-mass spectrometry of partially methylated alditol acetate derivatives (16, 24) . The purity of the octasaccharide preparation was also investigated by proton nuclear magnetic resonance spectrometry, using a JEOL Fx-100 instrument operated in the PFT mode. The spectrum was recorded for solution in D20 at 80'C, using external tetramethylsilane as a standard.
2-(4-Aminophenyl)-ethylamine was purchased from Ega-Chemie Gesellschaft mbH, Steinheim/Albuch, West Germany, and thiophosgene was from Fluka AG, Buchs, Switzerland.
Immunogens. Porins were prepared from the rough S. typhimurium strain SL 1907 as previously described (20) . Covalent attachment of the 0-antigen 4,12-specific octasaccharide to the different carrier proteins was done by reacting the octasaccharide-2-(4-isothiocyanatophenyl)-ethylamine derivative with the appropriate protein (28) . The degree of substitution was determined by measurement of the sugar and protein contents of the different conjugates by the phenol-sulfuric acid (4) and Lowry (17) Immunochemical methods. The enzyme-linked immunosorbent assay (ELISA) was performed essentially as described earlier (9, 25) . Polystyrene tubes (Heger Plastics AB, Stallarholmen, Sweden) were coated with antigen by incubation overnight at room temperature with 0.5 ml of the antigen (1.0 Isg/ml) dissolved in sodium carbonate buffer (50 mM; pH 9.6) containing sodium azide (0.02%).
For titration of antibodies, the coated tubes were washed with phosphate-buffered saline and incubated for 3 h with serum diluted in phosphate-buffered saline. After three washings with phosphate-buffered saline, tubes were incubated overnight at 18 to 20'C with 0.5 ml of a sheep anti-rabbit immunoglobulinalkaline phosphatase conjugate. The conjugate, specific for rabbit immunoglobulins G, M, and A, was prepared as previously described (2) .
For ELISA titrations of mice sera, a rabbit-antimouse immunoglobulin-alkaline phosphatase conjugate was used. This conjugate was prepared from rabbit hyperimmune serum obtained by injecting rabbit erythrocytes coated with NMRI mouse anti-rabbit erythrocyte antibodies into rabbits. After purification of antibodies on an immunosorbent (glutaraldehydecross-linked whole mouse serum) the anti-mouse specific antibodies were labeled with alkaline phosphatase (2). This conjugate was also multispecific, i.e., bound to mouse immunoglobulins G and M as well as to immunoglobulin A.
ELISA inhibition experiments were performed as described for ELISA, but the diluted sera (10-3) were preincubated for 1 h with different amounts of S. typhimurium SH 4809 octasaccharide (200 to 0.5 ug/ assay). The 50% inhibitory value was recorded as the concentration of octasaccharide needed to obtain a 50% lowering of the optical density at 400 nm as compared to the control tubes with no inhibitor added.
Passive hemagglutination assays were performed by using Takatsy microplates and 2% washed sheep erythrocytes coated with LPS (14) . The titer was recorded after incubation of plates at 4°C overnight as the reciprocal of the highest dilution causing agglutination.
Double radial immunodiffusion was done in 0.9% agarose-phosphate-buffered saline gels. Wells were loaded with either 20 to 40 pl of antiserum or 20 
RESULTS
Preparation and characterization of S. typhimurium Os-po conjugate. S. typhimurium octasaccharide (Fig. 1) , with 0-antigen 4 and 12 specificities, was obtained from O-polysaccharide chains by cleavage with phage P22-associated endo-rhamnosidase. The purified octasaccharide, converted to its reactive p-isothiocyanatophenyl-ethylamide derivative, was covalently linked to purified outer membrane proteins (porins) using 100 mol of octasaccharide derivative per mol of porin. The resulting Os-po conjugate contained approximately 15 mol of octasaccharide per mol of porin. The finding that the Os-po conjugate in sodium dodecyl sulfate-polyacrylamide gel electrophoresis moved at about a 15-kilodalton-higher molecular weight position than the native porin showed that the haptenic octasaccharides were covalently linked to the porin carrier molecules.
The Os-po conjugate when used as antigen in ELISA readily bound antibodies elicited by injection of rabbits with AM-BSA, with specificity for O-antigen 4, as well as antibodies elicited by injection with the octasaccharide linked to DT or whole heat-killed cells of S. essen (0-antigens 4, 12) (Fig. 2) . Since no binding of these antibodies occurred to tubes coated either with octasaccharide or with a mixture of octasaccharide and porin, these data indicated that the octasaccharide was covalently linked to the porin preparation.
The same conclusion was also drawn when the Os-po conjugate was used as antigen in double radial immunodiffusion tests (Fig. 3) . The Os-po conjugate, as well as an octasaccharide-L. polyphemus hemocyanin conjugate, formed precipitates with anti-AM-BSA (0-antigen 4 specificity), anti-octasaccharide-DT (04,12), and anti-S. essen (04,12) sera. No precipitates were seen when anti-tyvelosyl 1 4 -D-mannopyra anoside 1-BSA serum (0-antigen 9 specificity) was used (data not shown). The uncoupled porin preparation also precipitated the anti-S. essen (04,12) serum (Fig. 3C) . This was probably due to the presence of anti-core antibodies in the S. ELISA titrations of various S. typhimurium 0-antigen-specific sera against Os-po conjugate. Tubes were coated with 0.5 ml of the indicated concentrations ofOs-po conjugate in carbonate buffer (50 mM; pH 9.6). The coated tubes were then tested against anti-S. essen (0-antigen 4,12 specific; L), 1 3 anti-abequosyl 3--D -mannopyranoside 1-BSA (AM-BSA) (0-antigen 4-specific; 0), and anti-octasaccharide-DT (0-antigen 4,12 specific; 0) sera. All sera were diluted 2 x 10-3. Sheep anti-rabbit-immunoglobulin alkaline phosphatase conjugate was used at a dilution of 5 X 10-2. Dashed line indicates the background values obtained when tubes were treated with octasaccharide alone or with a mixture of octasaccharide and porin. OD400, Optical density at 400 nm.
charide chain (Fig. 1) . B. simplicifolia lectin, which is specific for terminal nonreducing a-Dgalactosyl residues, gave a strong precipitate with the Os-po conjugate (Fig. 3D) , which furthermore proved that the octasaccharide was covalently linked to the porins. A weak precipitate was, however, also seen between the lectin and unconjugated porins (Fig. 3D) (Fig. 4) . These antibodies were therefore most likely anti-core-LPS specific. In contrast, the antibodies elicited by the Os-po conjugate had 0-antigen 4,12 specificity as they could be quantitatively inhibited by the octasaccharide (50% inhibition at -8 ,uM; Fig. 4 group, collected on days 0 and 33 were tested in passive hemagglutination and ELISA (see Table  2 ).
In passive hemagglutination, mice to which the Os-po vaccine had been administered elicited a measurable titer against only the LPS from the rough mutant TV 160 (1/128). This titer was, however, 32-fold lower than that elicited by the porn preparation itself (1/4,096) , suggesting that the procedure by which the octasaccharide was covalently attached to the porins in itself had removed most of the core LPS contaminating the porn preparation.
In ELISA, high antibody titers against both the octasaccharide and the porins were revealed in sera collected on day 33 from mice to which the Os-po vaccine was administered (Table 2) . These high anti-octasaccharide titers could, however, only be demonstrated using the octasaccharide-BSA conjugate as coating antigen. Both the two LPS preparations and the synthetic disaccharide-BSA conjugates showed low binding of the mouse anti-Os-po antibodies (Table 2). The porins elicited not only antiporin antibodies, but also antibodies reactive with the two LPS preparations. We infer from the passive hemagglutination data presented above that these antibodies were directed against core structures of the LPS. In sera collected from mice given the whole ethanol-acetone-killed bacteria, antibodies specific for the LPS from S. typhimurium SH 1262, S. enteritidis SH 4809, and the porins were recorded. It is noteworthy that whereas inoculation of rabbits with whole bacteria gave rise to antibodies measurable with the synthetic disaccharide AM-BSA and D-mannosyl -4 * L-rhamnopyranoside 1-BSA conjua gates (27; Jorbeck et al., in press), such antibody titers were very low in mice.
The observation that the titers, as measured against native LPS from S. typhimurium, were low in pooled sera from mice injected with the Os-po immunogen (Table 2) forced us to titrate serum samples collected from mice inoculated with other octasaccharide conjugates. In addition to the porins, the octasaccharide was covalently linked to edestine and DT as carrier molecules. The schedule used was the same as before except that when booster injections were given all three conjugates were suspended in FCA. Irrespective of the nature of the carrier molecule, all mice responded to the octasaccharide with high titers of antibodies in ELISA VOL. 25, 1979 on October 18, 2017 by guest http://iai.asm.org/ Downloaded from (Table 3 ). The antibody response against the native LPS from S. typhimurium SH 4809 varied, but was measurable and higher than that seen in sera from control mice. Virtually all serum samples tested showed anti-LPS SH 4809 titers, but high as well as low responders were seen. The fact that the titers against the LPS from S. enteritidis SH 1262 (09,12) and the heterologous S. thompson LPS (06,7) were, with a few exceptions, not above prevaccination levels suggested that the antibodies elicited were directed against the 0-antigen 4 rather than the 0-antigen 12 or core structures. Thus, the octasaccharide conjugates administered with FCA elicited antibodies specific for the hapten moiety and were also measurable with the native LPS.
Active protection in octasaccharide conjugate-vaccinated mice. Vaccination of mice with the porin preparation itself resulted in protection against experimental infections with different S. typhimurium strains (see reference 13) . To see whether conjugation of the octasaccharide to the porins resulted in better protection than that given by the porins themselves, mice were vaccinated with porin or Os-po conjugates and subsequently challenged with S. typhimurium SH 2201 (Fig. 5) . At 1 and 20 x LDao doses, all of the porin-and Os-po-vaccinated mice survived. With the 200 x LDao dose most mice survived (Fig. 5A) . No higher challenge doses were tested.
Mice were also vaccinated with the octasac- charide covalently linked to edestine or DT to examine if these immunogens could elicit protection. Antibody titrations on sera from these mice were presented above ( Table 3 (Table 4) . Mice were as well protected when the octasaccharide conjugated to edestine or DT was used as vaccine as when they were vaccinated with the porins: in all three instances the LDso value increased about 10-fold. Conjugation of the octasaccharide to porins apparently resulted in an additive protective effect, increasing the LD50 about 20-fold (Table 4) .
Passive protection of mice. The protective effect of antibodies elicited in rabbits against the various immunogens was evaluated by intravenous administration of serum to mice 2 to 3 h before intraperitoneal challenge with S. typhimurium SH 2201. Rabbit sera collected before vaccinations were used as controls. to the infection than the antiporin-treated mice. This difference in protective capacity was more likely imposed by the presence of anti-Os antibodies in the Os-po serum than due to higher content of protective antiporin antibodies. In fact, ELISA determinations ofthe afitiporin content of the two sera used revealed a 1.4-foldhigher antiporin titer in the antiporin serum than in the anti-Os-porin serum. At the higher challenge dose of 100 LD50 (4.6 x 106 cells) all mice died. However, the anti-Os-porin-treated mice survived longer than those receiving only antiporin antibodies, the geometrical mean survival times being 7.8 and 4.4 days, respectively (control mice, 3.5 days).
To determine if anti-Os antibodies by themselves could confer protection on mice against an S. typhimurium challenge, mice were given a rabbit anti-Os-DT antiserum and challenged as before. At both 8 and 80 LD50, all anti-Os-treated mice survived, confirming the protective capacity of the anti-Os antibodies (anti-04,12; Fig. 7 ).
In control experiments using a rabbit anti-DT serum no protection was seen. Also, an antiserum against heat-killed 04,12 bacteria showed protective capacity similar to that described above for the anti-Os-DT serum (data not shown). moral immunity. Because of the superiority of living to nonviable vaccines, cellular immunity has been considered to be more important than humoral immunity (3). It is evident, however, that substantial levels of protection have been attained in mice with nonliving vaccines (killed bacteria, "ribosomal" vaccines) (10) . The specificity of these vaccines seems, at least partly, to be based on the 0-antigen content of the vaccines (5) .
Direct evidence of the importance of 0-antigen antibodies for protection was obtained in our experiments. Mice vaccinated with S. typhimurium 0-antigen octasaccharide covalently linked to either edestine or DT were protected against an approximately tenfold-higher challenge dose of S. typhimurium than mice vaccinated with the carriers alone ( Table 4) . These mice had responded with production of antibodies directed against the octasaccharide or the carrier molecule, or against both. The passive protection experiments, where the mice were given rabbit hyperimmune sera before challenge with the S. typhimurium strain, also permitted the same conclusion; i.e., antibodies directed against only the O-antigen of S. typhimurium protect against mouse typhoid.
When mice were vaccinated with the purified porin preparation from the outer membrane of S. typhimurium or passively given rabbit hyperimmune sera, significant protection was likewise observed (Table 4 , Fig. 5 and 6 ). In our experiments, the LD5o increased about 200-fold. This level of protection was about tenfold higher than that seen by Kuusi et al. (13) . The use of different mouse strains [(CBA x C57B1/6)F1 mice were used by Kuusi et al., whereas we used outbred NMRI mice] may contribute to this observed difference in protective capacity.
The fact that the porn preparation elicited a humoral anti-LPS immune response in both rabbits and mice ( (Fig.  4) . This makes it likely that all of the anti-LPS antibody activity elicited by the porins was directed against the core LPS. Absorption of these anti-core LPS-specific antibodies from the antiporin serum did not reduce the protective effect in passive protection experiments (13) . These observations strongly suggest that the observed protective effect of the porn vaccine was a consequence of antiporin antibodies.
The hypothesis that immunity directed against both the O-antigen and the porin should confer better protection than immunity against only one of the entities was experimentally verified in active as well as passive protection experiments (Table 4 , Fig. 5 and 6 ). That the Ospo conjugate could elicit antibodies with hapten as well as carrier specificity was shown in titrations of rabbit antisera (Table 1) . High antibody titers were seen against both moieties, and the covalent linkage of approximately 15 mol of octasaccharide per mol of porn did not impair the antiporin antibody response to any greater extent. When the Os-po conjugate was used as immunogen in mice, without FCA, antibodies with hapten as well as carrier specificity were also elicited ( Table 2 ). The antibody titer measured in ELISA against an octasaccharide-BSA conjugate as antigen (the BSA was used as a nonrelated carrier) was higher in both mice and rabbits than the antibody titer measured against the native LPS from S. typhimurium (Tables 1  and 2 ). Suspension of the Os-po immunogen in FCA and repeated boostering of the mice resulted, however, in antibody titers against the LPS from S. typhimurium which were significantly higher than those against S. enteritidis and the heterologous S. thompson LPS (Table   3) . Thus, high titers against the native LPS could be elicited with the octasaccharide hapten. Not unexpectedly, low and high responders were seen among the outbred NMRI mice.
Mice vaccinated with the Os-po conjugate without adjuvant were protected against intraperitoneal challenge with S. typhimurium SH 2201. The difference between Os-po-and porinvaccinated mice was, however, small and not significant (Fig. 5 ). However, in two different experiments with three different challenge doses, the Os-po conjugate offered slightly better protection than the porn itself (data not shown). This was also evident in the experiments where the immunogens were suspended in FCA (Table   4 ). The LD.% value of S. typhimurium in the Ospo-vaccinated mice was about twofold higher than that seen when porins alone were the immunogen. The passive protection experiments confirmed the observations of the active protection experiments (Fig. 6 and 7) .
Our data strongly suggest that humoral immunity plays a significant role in immunity against mouse typhoid. In this respect they support the conclusions of Angermann and Eisenstein (1) , who demonstrated that a ribosomal, as well as an acetone-killed, whole-cell vaccine in appropriate doses conferred protection against S. typhimurium on mice almost as well as a live vaccine did (1) . In terms of toxicity they found the ribosomal vaccine to be the least toxic. It is reasonable to assume that an Os-po vaccine could be at least as effective as a ribosomal vaccine, while having the potential of being less toxic. Although the porn preparation contained small amounts of core-LPS, and was thereby potentially toxic, the coupling of the oligosaccharide to the porn appeared to reduce the content of core-LPS significantly (the anti-core-LPS titer elicited in mice was reduced 30-fold).
Preliminary experiments indicate that the antigenic specificities of the Salmonella porin preparations are not subspecies specific but are universal for Salmonella. Thus, the possible use of Salmonella O-antigen-porin conjugates as a multispecific Salmonella vaccine depends largely on the O-antigenic makeup of such conjugates. We have recently isolated and purified O-antigen-specific oligosaccharides corresponding to Salmonella serogroups AO, BO, and DO.
Work is now in progress to prepare such a multivalent vaccine.
